Abstract: Passive calcium influx is one of the theories to explain the cathodal galvanotaxis of cells that utilize the electric field to guide their motion. When exposed to an electric field, the intracellular fluid becomes polarized, leading to positive charge accumulation on the cathodal side and negative charge accumulation on the anodal side. The negative charge on the anodal side attracts extracellular calcium ions, increasing the anodal calcium concentration, which is supposed to decrease the mobile properties of this side. Unfortunately, this model does not capture the Ca 2+ dynamics after its presentation to the intracellular fluid. The ions cannot permanently accumulate on the anodal side because that would build a potential drop across the cytoplasm leading to an ionic current, which would carry positive ions (not only Ca 2+ ) from the anodal to the cathodal part through the cytoplasm. If the cytoplasmic conductance for Ca 2+ is low enough compared to the membrane conductance, the theory could correctly predict the actual behavior. If the ions move through the cytoplasm at a faster rate, compensating for the passive influx, this theory may fail. This paper contains a discussion of the regimes of validity for this theory.
INTRODUCTION
Cellular motility refers to the phenomena of cellular migration, which are involved in many biological processes. Among other things, they are essential for wound healing, organ and tissue formation in morphogenesis, the immunological response, and sperm cell and bacterial movement [1, 2] . Galvanotaxis is a special class of the motility processes which is guided by external electric fields [3, 4] , unlike the other common types of guided migration, such as chemotaxis, which is driven by chemical compound gradients [5] or phototaxis, which is driven by light intensity [6] . The physiological (directed current) electric fields for galvanotaxis are mainly produced in the epithelial tissues, where a transepithelial potential is generated due to the polar structure of the epithelilal cells [7] [8] [9] [10] . The apical and basolateral membranes of such cells contain unequal amounts of the Na + and K + channels and the Na + -K + -ATP-ases: the apical part contains the Na + channels, while the basolateral part contains the K + channels and the Na + -K + -ATP-ases. This arrangement causes the Na + ions to flow through the epithelia from the apical side to the basolateral side. The ionic current flowing into the basolateral region raises the potential of this part until the backward current through the paracellular pathway becomes equal to the incoming current [8, 9] . The role of epithelial cells in the generation of endogenous potentials suggests that galvanotactic processes take place in organs and glands that are surrounded by layers of such cells. They are also important during embryogenesis [10] . Probably the most recognizable example of galvanotactic process can be seen in the healing of a cut epithelium, where the wound creates a shortcut between the apical and basolateral layer, leading to a potential gradient along the epithelium surface which drives the epithelilal cells to move towards the cathode to close the wound. Other important examples of galvanotaxis appear in the neurulation of amphibians or in angiogenesis [9] . Galvanotaxis could also be involved in the invasiveness of metastatic cancer cells, as shown for rat prostate cancer, where the metastatic cells exhibit cathodal galvanotaxis [4] . A scenario has been proposed where cathodal migration forces the metastatic cells to move into the lumen of the epithelial ducts (to become detectable in semen or urine) until the deformation of the epithelium results in a loss of transepithelial potential, which allows invasion of the surrounding tissue [4, 10] . More examples of galvanotaxis can be found in [8] [9] [10] . The cell migration in galvanotaxis can take one of two possible directions: cathodal or anodal. Cathodal galvanotaxis is more prevalent (e.g. bovine corneal epithelial cells, bovine aortic vascular endothelial cells, human retinal pigment epithelial cells, human keratinocytes, amphibian neural crest cells, fish epidermal cells and metastatic rat prostate cells [10] ), but there exist cases of anodal behavior, for example weakly metastatic rat prostate cancer cells, human granulocytes, human vascular endothelial cells and metastatic human breast cancer cells [10] . Some cells even exhibit a combined mode of operation, with the migration direction dependent on the environmental conditions. An example of such a system is formed by the peripheral lens epithelial cells, which choose a direction depending upon the field strength [8] . The galvanotactic responses are typically explained using two overlapping classes of mechanisms. The first class involves the electrically induced reorientation of the membrane receptors for the growth factors, while the second class involves internal perturbations in calcium distribution [8] . The first class delivers two options to drive the receptor reorientation. First, it is possible to consider the electrophoresis of negative proteins in the cytoplasm under the action of an external electric field, which leads to their accumulation on the anodal side. Second, it is possible to consider electroosmosis, which overcomes the electrophoretic effect due to the cathodal drag of water, driven by positive cations [8] . This option results in a cathodal accumulation of the receptors and supports a more general picture of cathodal galvanotaxis. Galvanotaxis based on receptor rearrangement requires some time to reach the stationary galvanotactic response, which is typically less than ten minutes [9] . Another class of mechanisms highlights the importance of calcium ions for the cellular growth and motility processes [11] . They promote the capping of the barbed ends of actin filaments by gelsolin, preventing polymerization, and they cause myosin contraction, which is one of the factors responsible for the detachment of the rear side of the cell from the surface in a motile process [6, 10] . In this model, the variations of the calcium influx over various parts of the cell membrane may regulate the directional movements of cells. The calcium influx for galvanotaxis may be of various origin. In some cases, it can be activated by the voltage-gated calcium channels (VGCCs) or stretch-activated calcium channels, as was suggested for human keratinocytes and green paramecia in [12, 13] . It could be also mediated by the TRPC channels, which may be relevant for chemotaxis [14, 15] . In other cases, when cells are not equipped with calcium channels, it can be of a passive nature [4, 10] . The galvanotactic response in such a mode can rise in less than 30 seconds [4] . The role of the passive calcium influx was originally presented in [16] , a supporting picture of the calcium dynamics was proposed in [17] , and the whole theory was summarized in [18] . It was stated that the intracellular fluid in an external electric field becomes polarized so that the cations become attracted to the negative electrode (cathode), leaving anions on the anodal side (Fig. 1) . The negative charge on the anodal side attracts the extracellular calcium ions into the cell, increasing the anodal concentration and inhibiting the anodal growth of the actin filaments, resulting in cathodal galvanotaxis. This theory is still in use to explain current research results [3, 10, [19] [20] [21] but it has yet to be investigated in depth from a theoretical point of view. One striking question that is raised by the theory is why the calcium ions should accumulate on the anodal end of the cell if this region is in general depleted of positive charges ( Fig. 1) . The detailed analysis presented here answers this question and shows cases where the accumulation does not occur. The effect depends on the relationship between the cytoplasmic electrical conductance for the Ca 2+ ions (expressed by the diffusion coefficients) and the electrical conductance of the membrane. If the passive influx is small compared to the resulting cytoplasmic current, the accumulation does not occur. However, if the Ca 2+ influx is large, e.g. due to leakage channels, the cytoplasmic current cannot catch up with the ion removal, and accumulation occurs until a potential difference builds up to increase the cytoplasmic current sufficiently.
METHODS
The cell is modeled by an one-dimensional Poisson-Nernst-Planck equation, i.e. a Nernst-Planck equation describing the diffusion of ions supplemented by the Poisson equation to obtain the electrical field distribution produced by the ions. The derivation of this equation set is shown in details in [21] and the final form is [21] [22] [23] [24] :
where c i is the concentration of the i-th ionic species; t is the time; x is the position coordinate; D i is the diffusion coefficient of the i-th ionic species; z i is the multiplicity of elementary charge associated with the i-th ionic species; R is the gas constant (R = 8.314 J mol -1 K -1 ); T is the temperature (T = 300 K); F is Faraday's constant (F = 96485.3415 C mol -1 ); φ is the electric potential; and ε is the electrical permittivity of the cytoplasm, which is set close to the value for water (ε = 10 -9 F m -1 ). As can be seen, the Nerst-Planck equation (the first equation in (1)), is a diffusion equation that takes into account the external force originating from the electric potential gradient (from the electric field). The derivation is straightforward after consideration of fluxes driven by the diffusion process and by the external force, which imposes a "drift velocity" when balanced by the friction force [21] . Each time the charge distribution changes after evaluation of the Nernst-Planck equation, the resulting electric potential distribution (the force field) must be recalculated by the Poisson equation (the second equation in (1)). The differential equations are solved in a similar way as was done in [21] , using the explicit upwind scheme by the finite difference method with lattice spacing equal to 125 nm [18, 25] . The diffusion coefficients for the intracellular ions are taken according to the literature and are presented in Table 1 . The intracellular concentrations are shown in Table 2 (after [29] ). ions and the immobile proteins are considered here. The concentrations of the latter are adjusted to provide a net internal charge consistent with the membrane potential of -90 mV. This charge results from the membrane capacitance by Q = CU with the membrane capacitance per unit surface equal to C m = 10 -9 F m -2 [30] . The boundary conditions for the Nernst-Planck equation were set to a reflecting type. For the Poisson equation, the left boundary condition was set to match the electric field imposed on the membrane, i.e. the membrane potential (90 mV supplemented with the contribution of the external DC field) divided by the membrane thickness (equal to 7 nm). The right boundary condition of the Poisson equation was set to 0 mV to set a reference potential. The Poisson equation cannot have two Neumann conditions because the solution could be found only up to an additive constant and the electric field on the second boundary is not arbitrary, but is determined by the total charge located within the cell and by the left boundary condition. Imposing the electrical field on the left boundary, one should keep in mind that the electrical permittivity of the cytoplasm (assumed as 10 -9 F m -1 ) is approximately 14 times larger than that of the cell membrane (as estimated from C m in a flat capacitor model). This weakens the magnitude of the field on the boundary compared to the field within the cell membrane. To model the passive fluxes and pump operation, their contributions are injected at each time step for x = 0 (the cathodal side of the cell) and x = L (the anodal side of the cell) in a proportion which results from the expected current flow, ΔQ = IΔt. The passive ionic flow is introduced based on [31] , with passive conductances equal to g Na = 0.2 Sm -2 , g K = 0.7 Sm -2 and the corresponding Nernst potentials equal to E na = 71 mV, E K = -97 mV. The current through the membrane is then calculated by:
where I i is the current of i-th ion; g i and E i are the membrane conductance and the Nernst potential of the i-th ion, respectively; and U is the membrane potential. The action of the Na-K-ATP-ase is modeled after [31] where I max = 130 mA m -2 ; K mK = 3.5 mM l -1 ; and K mNa = 10 mM l -1 . The subindex "o" denotes the environment "outside" the cell, while "i" means "inside" the cell. The membrane conductance for the calcium ions was estimated in the Nernst potential framework, considering the extracellular [Ca 2+ ] concentration to be equal to 1.8 mM [29] . This results in a value of E Ca = 117.69 mV. The conductance of the membrane is difficult to estimate, but there are several sources. First, after [32] , the permeability of the lens cell membrane for Ca 2+ should be in the range (8 x 10 -15 cm s -1 , 2.5 x 10 -11 cm s -1 ). Rescaling this to the conductance values for equation (2) results in a g Ca contained in the range (132 pS m -2 , 412.4 nS m -2 ). On the other hand, based on [33] , one can expect leak calcium currents of magnitude equal to 0.36 pA in A7r5 cells that have a diameter of about 16 μm. Such large currents occur due to the leakage channels and indicate a calcium conductance g Ca = 2.1 mS m -2 , which is orders of magnitude larger than for a simple lipid membrane. The reported ranges of variability are investigated in the following simulations. To complete the model, it is also necessary to consider the membrane regulatory mechanisms for the calcium concentration, i.e. the plasma membrane Ca-ATP-ase (PMCA) pump. It has only one calcium-binding site, unlike SERCA pumps [34] and therefore, after the threshold concentration for calmodulin activation is obtained, the PMCA current can by modeled by:
where K Ca is a constant set to give the PMCA current equal to the leak current at resting concentration of the internal calcium [Ca] i close to the membrane.
RESULTS AND DISCUSSION
The first simulation (Fig. 2 ) concerned a cubic cell with a side length l = 16 μm in an electric field of 6 V/cm. This resulted in a depolarizing contribution on the cathodal membrane side of about 5 mV and a hyperpolarizing contribution on the anodal side (also about 5 mV). Starting with a stationary ionic distribution obtained for a cell with equal potentials on both ends, the external electric field was enabled and the simulation was run for 50 ms to obtain an ionic distribution which is close to the equilibrium, reached at t → ∞ (about 4 days of computing time per simulation for a 128 node lattice). Because the predicted concentration changes reach at most 0.3% of the bulk concentration, the bulk value of 0.2 μM is subtracted from the presented results. Even without a careful analysis of the results, it can be seen that for g Ca = 412.4 nS m -2 , the anodal Ca 2+ accumulation does not occur in the cell. Actually, a depletion occurs, since the anodal side has a calcium concentration that is 183.79 pM lower than the bulk concentration, while the cathodal side has a calcium concentration that is 163.34 pM lower than the bulk, i.e. the anodal part has lower calcium concentration than the cathodal part. However, such an accumulation occurs for g Ca = 2.1 mS m -2 .
The concentration changes are calculated on a lattice with spacing equal to 125 nm, however the boundary ionic concentration profile is rather expected to spread over the Debye length, which is much shorter and equals to 0.7 nm [21] .
To investigate the fine structure of the Ca 2+ distribution, the calculations were repeated on a lattice with spacing equal to 62.5 nm (a week of computing time per simulation). If there is a Debye layer contribution, the boundary concentration change should multiply by a factor of two because the whole concentration shifts to the compartment that is most adjacent to the membrane, and the width of this compartment decreases by two. If the Debye layer contribution is absent, the concentration should not change. The results are shown in Figs 3 and 4 . Fig. 3 . The change in the concentration profile for g Ca =2.1 mS m -2 for a coarse ('x' symbols, n = 128 nodes) and fine ('+' symbols, n = 256 nodes) lattice. . Calculations on a coarse ('x' symbols, n = 128 nodes) and fine ('+' symbols, n = 256 nodes) lattice.
Both figures reveal a twofold change in the concentration with respect to the general trend baseline when moving to a fine lattice. Subtracting the general trend line (linear approximation) from the boundary concentration changes gives the results shown in Table 3 . Table 3 . Concentration change on the boundary nodes of the lattice with respect to the bulk concentration. In the case of g Ca =2.1 mS m -2 , the general trend line differs on the coarse and fine lattices due to a change in the PMCA stimulation because of a different concentration for x = 16 μm. This small discrepancy does not influence the discussion, and optimization of the coefficients would be very difficult, so it is left unchanged. Despite this defect, Table 3 shows that the boundary concentrations on a fine lattice change twofold with respect to the baseline when moving from the coarse to fine lattice estimates. This allows the calculation of the exact Debye layer concentration drop after multiplying the values from the coarse lattice by 125 nm/0.7 nm, which is shown in Table 4 . Table 4 . Concentration change in the Debye layer with respect to the bulk concentration. It is possible to conclude that the boundary layer contribution does not change in relation to the Ca 2+ membrane permeability and that the anodal side contains less calcium than the cathodal side. However, the general Ca 2+ profile changes and this matters for the cortical cytoplasm layer, where actin filaments reside [6] . The boundary concentration changes related to the baseline profile (without Debye layer effects) are shown in Table 5 . Table 5 . The boundary concentration change related to the general concentration distribution without consideration of the Debye layer effects. It is interesting to ask whether calcium accumulation occurs in the cortical layer of the cytoplasm or if calcium is removed from this layer. After [6] , the reasonable cortical thickness can be assumed equal to 0.5 μm. Performing the simulation with a spatial step set to this value, it is possible to observe the calcium dynamics in the outermost lattice intervals, which represent the cytoplasm cortex. According to such calculations, a cathodal galvanotaxis regime for the inspected cell should occur for g Ca > 78 μS m -2 . A general chart of the threshold conductance in relation to the cellular diameter is shown in Fig. 5 and takes the form of a power law, g Ca threshold = 20,000 μS μm 2 /d 2 . This is a decreasing trend which may be explained for a cubic cell because the membrane conductance grows like d 2 with d (the cell edge size), while the cytoplasm conductance grows slower, like d, because the cross section increment is accompanied with the elongation of the cell. Therefore, for cells that are big enough, the anodal accumulation of Ca 2+ could take place no matter whether they possess the leakage channels or not. The presented theory requires validation by experimental procedures, but it seems to have the potential to explain the cathodal galvanotaxis of the highly metastatic Mat-LyLu rat prostate cancer cells in relation to the anodal galvanotaxis of the weakly metastatic AT-2 cells. These cells exhibit a rapid motile reaction to electrical stimulation (beyond 30 seconds), which suggests that it is initially not mediated by the electrophoresis or electroosmosis of any receptors, which respond after several minutes and may take some part in the response on later times [10] . These cells also exhibit no calcium currents and are insensitive to the VGCC blockers (they do not have VGCCs). The theory that could explain their behavior would be the passive calcium influx, but it fails in case of the weakly metastatic cells, which move towards the anode, and would not explain the voltage-gated sodium channel dependency of the highly metastatic cells on galvanotaxis. Taking into account the point of view where the membrane permeability for calcium is not very high, one could understand the anodal behavior of the AT-2 cells, and the cathodal galvanotaxis of the Mat-LyLu cells would stem from the electrostatic repulsion of calcium by the entering sodium ions [4, 21] . Importantly, it seems reasonable to generalize that the galvanotactic effect, due to internal calcium distribution (as in AT-2 cells), should be much smaller than the effects seen in cells that are equipped with calcium channels [4, 8] .
CONCLUDING REMARKS
This paper gives a theoretical analysis of the passive calcium influx theory related to galvanotaxis. The results reveal that the cell membrane conductance for the calcium ions is essential for determining the direction of galvanotaxis by this mechanism. If the conductance is too low, the calcium ions do not enter quickly enough to increase calcium concentration, which equilibrates by a flow through the cytoplasm to the cathodal side. Therefore, to save the theory, the Ca 2+ -permeable leakage channels need to be taken into consideration, especially for small cells. Because the electrical cytoplasmic conductance for the ions depends on the size of the cell and grows in proportion to d, while the passive membrane current increases in proportion to d 2 , the larger cells reveal a smaller conductance threshold for calcium accumulation than the smaller cells. In general, the modeling confirms the considered theory in some cells and puts constraints on its validity. Additionally, the model may suggest the existence of leakage channels for calcium ions based on the direction of galvanotaxis, provided other galvanotactic factors are excluded.
